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Available online ▪ ▪ ▪AbstractUnderwater torpedo has control fin with very low aspect ratio due to launching from limited size of cylindrical torpedo tube. If the aspect
ratio of control fin of underwater vehicle is very low three-dimensional flow around control fin largely reduces control forces. In this study, the
end plate was applied to reduce the three-dimensional flow effects of partially movable control fin of underwater vehicle. Through numerical
simulations the flow field around control fin was examined with and without end plate for different flap angles. The pressure, vorticity, lift and
torque on the control fin were analyzed and compared to experiments. The comparison have shown a reasonable agreement between numerical
and experimental results and the effect of end plate on a low aspect ratio control fin. When the end plate was attached to the movable control fin,
the lift increased and the actuator shaft torque did not significantly change. As this means less consumption of the actuator shaft torque compared
to the control fin that has the same control force, the inner actuator capacity can be reduced and energy consumption can be saved. Considering
this, it is expected to be effectively applied to the control fin design of underwater vehicles such as torpedoes.
Copyright © 2016 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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When a control force is generated as an underwater vehi-
cle's control fin receives an angle of attack, a strong vortex is
generated in the tip of the control fin due to the pressure
difference between the upper and lower panels. The tip vortex
in the control fin's tip reduces the control force and increases
the resistance and noise by decreasing the effective angle of
attack of the control fin. Thus, research is currently underway
on its effective control.
In the case of aircraft wings, many studies have been done to
reduce the strength of the trailing edge vortex to reduce the
induced drag and to improve the overall efficiency of aircraft. The
studies that have been done to reduce the three-dimensional flow* Corresponding author.
E-mail address: wgpark@pusan.ac.kr (W.-G. Park).
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CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).applied on the wing tip (Kroo, 2005) include a scheme that
changes the shape of the wing tip (Hoerner, 1965), a passive
control scheme using wing-tip devices such as winglets or non-
planar wings (Park and Rokhsaz, 2003; Savage and Larose,
2003; Spillman, 1978), and an active scheme that controls the
tip vortex with oscillating aileron, blowing, and suction (Briggs
and Schwind, 1983; Ceron-Mu~noz and Cosin, 2013; Jarvinen,
1973; Kauertz and Neuwerth, 2006; Mineck, 1995; Simpson et
al., 2000). The devices used for passive control reduce the vor-
tex strength itself by correcting thewing-tip shape or dissecting the
vortex to reduce its intensity to move them toward the outer span
direction, which decreases the influence (Kravchenco, 1996).
Among the passive vortex control schemes, a winglet that is
bent or has a wing with a constant angle attached to the hor-
izontal surface in the wing tip prevents the loss of energy due
to the rotation flow around the wing tip. Under specific con-
ditions, effects such as a 9% increase in wing efficiency and a
20% reduction in induced drag have been reportedable control fin with end plate of underwater vehicle, International Journal of
aoe.2016.07.005
Society of Naval Architects of Korea. This is an open access article under the
2 C.-M. Jung et al. / International Journal of Naval Architecture and Ocean Engineering xx (2016) 1e11
+ MODEL(Whitcomb, 1976). A study has also been done using a passive
vortex control scheme that differs from a winglet; in the study,
the researchers examined the tip sails or multi winglets where
panels with several different dihedral angles are attached to the
wing tip (Smith et al., 2001). Tip sails are controlled by the
flow direction in the wing tip, and multiple attached panels
reduce the vortex strength and increase driving.
Wing-tip blowing is one of the representative schemes for
active vortex control. It increases the effective aspect ratio by
changing the location of the vortex as it blows the wing-tip
vortex from the wing tip to the outside through a spray of
compressed air in the direction of the wingspan (Margaris and
Gursul, 2010). However, as such a system requires a mass flow
rate and jet speed, the space required for the device installation
and energy consumption is large. To improve such shortcomings,
studies on blowing devices with different behaviors that create
jets in tangent to the tip tank so that they require small flow rates
are under progress. Despite the hydromechanic advantage of the
active system, it has shortcomings in that it has no advantage of
total energy consumption since the total weight and cost as well
as the energy consumption increase due to the addition of
complex devices such as compressors and ducts.
The aspect ratio of the control fin of underwater vehicles,
such as torpedoes, which are discharged from cylindrical
torpedo tubes of submarines or surface vessels, is considerably
smaller than that of aircraft wings, etc. and should fit within
the torpedo tube diameter. Three-dimensional flow generated
in the tip of a low aspect ratio control fin has a much greater
influence on reducing the control fin's control force than a high
aspect ratio control fin. Hence, if a wing-tip device is attached
to the low aspect ratio control fin, the attachment effects of the
vertical end plate become even greater following the increased
effects of a larger aspect ratio.
Research on the wing-tip device of a low aspect ratio control
fin attached to an underwater vehicle has been relatively limited
compared to research on aircraft wings (Jung et al., 2011; Jung et
al., 2012). In particular, research on the impact of lift and torque
applied to a control fin attached to the partial movable control fin
with a vertical end plate is scarce as of now. Hence, this study
analyzes the three-dimensional viscous flow on a partially
movable control fin with a low aspect ratio to examine the flow
attributes according to the attachment of a vertical end plate. Flow
analysis was conducted on a 12-degree movable control fin, and
pressure distribution and vortex attributes according to the ver-
tical end plate were compared. Then, a model of the suggested
control fin shapewas fabricated to conduct a test according to the
angle change of the movable control fin in a Korea Research
Institute of Ships & Ocean Engineering (KRISO) mid-sized
cavitation tunnel. Moreover, the lift and torque were measured,
and the results were compared with the flow analysis results.
2. Shape and numerical analysis technique2.1. Control fin configurationThe shape of a control fin that was modeled to inspect the
vertical end plate's impact is depicted in Fig. 1. Except the rearPlease cite this article in press as: Jung, C.-M., et al., Effects of the partially mov
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnpart of the cylindrical underwater vehicle, the control fin was
modeled in a single shape. The root part of the fixed control fin
was attached to the flat plate. The movable control fin is a
partially mobile type in which only a part of the upper surface of
the total control fin moves. Two shapes were modeleddone that
has a vertical end plate attached to the upper part of the movable
control fin and another without the attachment. Table 1 presents
the major calibrations of the control fin and vertical end plate.
The coordinates system of the control fin that was applied
in the flow analysis and test is the same as the coordinates
system of the movable control fin depicted in Fig. 1. The
origin was centered at the actuator shaft of the movable con-
trol fin tip. The x-axis runs in the trailing edge direction along
the center line of the movable control fin. The y-axis runs in
the horizontal starboard (right) direction when viewed from
downstream. The z-axis runs upward.2.2. Governing equation and boundary condition for
flow analysisIn this study, a numerical analysis was conducted using
the commercial CFD software of STAR-CCM þ Ver. 5.06.
As for the governing equation for the flow analysis, the
NaviereStokes equation of three-dimensional non-compres-
sive viscous flow in an abnormal condition was used, as shown
in Eqs. (1) and (2). The K-u SST model was used as a tur-
bulence model.
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Here, m,p and ru'i u'j mean the coefficient of the viscosity of
fluid, pressure, and Reynolds stress, respectively.
The size of the subject area for the flow analysis was 12
times the width and height and 24 times the length of the
control fin chord (C). In terms of the boundary conditions for
the flow analysis, the inflow velocity condition for the
entrance, the pressure boundary condition for the exit, the
symmetry plane condition for the upper part, the left and right
sides and the wall surface condition for the lower surface, and
the body of the object were used. The Reynolds number for the
analysis was 4  106.2.3. Mesh generation and grid independencyMesh for the flow analysis was composed of Trimmer
mesh. Trimmer mesh has an advantage in that it can generate
hexahedral mesh that has minimum cell skewness and can be
aligned in a user-defined coordinates system. For computa-
tional efficiency, mesh was concentrated around the control
fin, the lower surface, and the control fin end. A 5-layer mesh
was placed on the control fin to maintain yþ below 30.able control fin with end plate of underwater vehicle, International Journal of
aoe.2016.07.005
Fig. 1. Configuration of control fin and coordinate.
Table 1
Dimension of control fin.
Without end
plate [mm]
With end
plate [mm]
C (Chord) 500 500
S (Span) 200 200
Cr (Chord of movable control fin) 150 150
Sr (Span of movable control fin) 65 65
W (Width of end plate) 0 50
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classified into 8  103 times the chord length of the coarse
mesh, 4  103 times the chord length of the normal mesh,
2 103 times the chord length of the fine mesh, and 1 103
times the chord length of the very fine mesh using the chord
length (C) as a standard. Fig. 2 shows the very fine mesh and
coarse mesh that were generated for the mesh test. For the flow
analysis condition, the flow analysis was conducted on the
shape with the vertical end plate in the case in which the
movable control has a fin angle of 15. Fig. 3 shows the dis-
tribution of the surface pressure coefficient in the 3/5 span cross
section of the movable control fin in the flow analysis results. In
the case in which the mesh larger than the normal mesh size,
almost no change in surface pressure was observed. Table 2
shows the change in force according to the mesh size when a
non-dimensionalized Y direction force was applied to the
movable control fin, which is defined as Eq. (3). Here, Y refers
to Y direction force, U refers to free flow velocity, and Ar refers
to the area of the movable rudder. Since there was no change
when the mesh was larger than the normal mesh size, compu-
tation hereafter uses the normal mesh size as a standard for the
efficiency of computation.
Y 0 ¼ Y
0:5rArU2
ð3ÞPlease cite this article in press as: Jung, C.-M., et al., Effects of the partially mov
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijn3. Results and discussion3.1. Flow analysisThe flow analysis was conducted according to the vertical
end plate while maintaining the movable control fin angle at
12. Fig. 4 shows the flow analysis results on the cross section
of the movable control fin angle. Upon examination of the
pressure distribution in a 1/5Sr cross section when there is no
vertical end plate, a band with a strong, low-pressure distri-
bution was formed at the rear surface of the control fin section.
Such a band is not observed at the 3/5Sr point, which is the
center cross section of the control fin. This shows that the
three-dimensional impact caused by the pressure difference of
the control fin tip appears at the tip. Moreover, in the case of
the vertical end plate attachment, there was a partial low-
pressure band in the rear suction surface of the movable
control fin in the 1/5Sr cross section. However, it is smaller
than the case without the vertical end plate. In the middle cross
section (3/5Sr), the pressure change due to the vertical end
plate attachment was insignificant. Hence, this confirms that
the attachment of the vertical end plate has a significant impact
on the tip of the movable control fin. Such a tendency can also
be confirmed in Fig. 5, which depicts the distribution of the
pressure coefficient (Cp) in the end part that is the 1/5Sr cross
section of the movable control fin and the center part that is the
3/5Sr cross section, according to the attachment of the vertical
end plate. In the end part, the distribution of the driving face
Cp increased overall when the vertical end plate was attached
compared to the case with no attachment, while the suction
surface pressure distribution decreased near the leading edge
of the movable control fin and increased in the trailing edge. In
the middle part, when the vertical end plate was attached, the
change in the driving face Cp was negligible, but the Cp of theable control fin with end plate of underwater vehicle, International Journal of
aoe.2016.07.005
Fig. 2. Grid for grid independency (a) very fine grid (mesh base size ¼ C  103), (b) coarse grid (mesh base size ¼ C  8  103).
Fig. 3. Pressure coefficient distribution at 3/5Sr.
Table 2
Nondimensional force for grid type.
Grid size Coarse Normal Fine Very fine
Y ' 0.3006 0.2946 0.2933 0.2926
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attachment.
Hence, the flow change became severe in the suction sur-
face in the end cross section of the movable control fin ac-
cording to the vertical end plate attachment.
Fig. 6 shows the picture of the flow line around the movable
control fin. In the control fin without the end plate attachment,
the flow is gathered at the center of the control fin in the
suction surface of the movable control fin and is spread out-
ward in the driving face. This is because there is low pressure
at the control fin tip and the root part suction surface due to the
control fin angle, and hence the flow of the driving face is
gathered there. Such a span direction flow is generated by the
three-dimensional effects, and it causes the control fin to lose
control force.Please cite this article in press as: Jung, C.-M., et al., Effects of the partially mov
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnUpon examination of the flow line around the control fin
in the case of end plate attachment, the flow in the driving
face is parallel, without coming over to the suction surface
side due to the end plate in the control fin tip part. It is
conjectured that the flow loss can be decreased as the span
direction flow generation is prevented since there is almost
no flow in the span direction in the tip part of the driving
face side.
Fig. 7 shows the picture of the flow line around the movable
control fin looking from behind. When the end plate was not
attached, the flow line in the rear of the movable control fin
formed two strong vortexes at the tip and root parts. When the
end plate was attached, a vortex with a large range that covers
the end plate was formed at the tip part.
Fig. 8 shows the velocity vector in the vertical cross sec-
tion of the X-axis in 2/3, 1, and 2 times the chord length of
the movable rudder (Cr) from the movable control fin center.
Examining the velocity vector in the rear 2/3 Cr cross section
from the movable control fin center, which is an approxi-
mately 2/3 cross section of the movable control fin to the X-
axis direction, the velocity in an upward direction is gener-
ated at the tip of the control fin when the end plate is not
attached. In the case with the attachment, a weak upward
velocity is generated at the tip of the end plate, as it is
blocked by the end plate. In the cross section of the Cr
location, which is near the end part of the movable control
fin, a velocity change over a large range surrounding the end
plate was observed in the tip part of the control fin when the
end plate was attached. It can be seen that the impact of the
end plate gradually decreases in 2Cr.
Fig. 9 compares the non-dimensionalized vorticity ðu'Þ
distribution in cross sections that are 1, 2, 3, 4, and 5 times the
distance from the control fin center to the end in the direction
of the control fin length (Cr) between the cases with and
without vertical end plates when the movable control fin is
at 12.
Non-dimensionalized vorticity can be expressed as Eq. (4).
u0 ¼ uCr
U
ð4Þ
Here, u refers to the vorticity, Cr refers to the movable rudder
chord, and U refers to the free flow velocity.able control fin with end plate of underwater vehicle, International Journal of
aoe.2016.07.005
Fig. 4. Pressure coefficient contour of control fin with and without end plate at d ¼ 12 (1)a without and (1)b with end plate at z/Sr ¼ 1/5, (2)a without and (2)b
with end plate at z/Sr ¼ 2/5, (3)a without and (3)b with end plate at z/Sr ¼ 3/5, (4)a without and (4)b with end plate at z/Sr ¼ 4/5.
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are generated in the upper part and the lower surface of the
movable control fin to move to the back of the control fin.
Moreover, the separation of the vortex takes place at the ver-
tical end plate in the upper part of the movable control fin due
to the flow separation when the vertical end plate is attached.
Fig. 10 shows the non-dimensionalized vorticity size dis-
tribution in 3-times the length of the movable control fin in the
rear cross section in the movable control fin's driving center
according to the existence of the vertical end plate attachment.
The strength of the vortex that is applied in the lower part of
the movable control fin showed no significant change ac-
cording to the attachment of the vertical end plate. However,Please cite this article in press as: Jung, C.-M., et al., Effects of the partially mov
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnthe vortex generated in the upper surface reduced in strength
as a result of the vertical end plate.
The location and the size of the minimum pressure point also
change following the attachment of the end plate. Fig. 11 shows
the pressure distribution in the movable control fin surface ac-
cording to the existence of the end plate. When no end plate was
attached, theminimum surface pressure coefficient Cpwas1.7,
while Cp was 1.2 when the end plate was attached. Moreover,
the location of the minimum pressure point was generated near
the corner of the suction surface tip without end plate attach-
ment, while the optimal pressure point was generated in the
suction surface near the inner corner of the beginning point of the
end plate when there was end plate attachment.able control fin with end plate of underwater vehicle, International Journal of
aoe.2016.07.005
Fig. 5. Surface pressure coefficient (Cp) distribution of movable control fin with and without end plate at d ¼ 12 (a) z/Sr ¼ 1/5 and (b) z/Sr ¼ 3/5 plane.
Fig. 6. Streamline around movable control fin with and without end plate at d ¼ 12. (a) suction and (b) pressure side of movable control fin without end plate, (c)
suction and (d) pressure side movable control fin with end plate.
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test resultsIn a mid-sized cavitation tunnel by KRISO, the Y direction
force applied to a movable control fin and the moment on the
center of an actuator shaft were measured. Fig. 12 shows the
shape of a mid-sized cavitation tunnel where the rectangular test
section has a size of 0.6 (W) X 0.6 (H) X 2.6 (L). The test flowPlease cite this article in press as: Jung, C.-M., et al., Effects of the partially mov
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnvelocity was 8 m/s, and the static pressure of the test section was
maintained at the same level as barometric pressure. The X di-
rectionmaximum force, the Y directionmaximum force, and the
moment of 3-component balance that was used to measure the Y
direction force and the actuator shaft center moment were
1000 N, 2000 N, and 150 Nm, respectively. The maximum
angular speed and the angular acceleration of the motor driving
system were 45 deg/s and 10,000 deg/s2, respectively. The X-able control fin with end plate of underwater vehicle, International Journal of
aoe.2016.07.005
Fig. 7. Streamline around control fin with and without end plate (back view) (a) without and (b) with end plate.
Fig. 8. Vector field comparison at x/Cr ¼ 2/3, 1, 2 plane: (1)a without and (1)b with end plate at x/Cr ¼ 2/3, (2)a without and (2)b with end plate at x/Cr ¼ 1, (3)a
without and (3)b with end plate at x/Cr ¼ 2.
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Please cite this article in press as: Jung, C.-M., et al., Effects of the partially movable control fin with end plate of underwater vehicle, International Journal of
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnaoe.2016.07.005
Fig. 9. Nondimensional vorticity field comparison around control fin (at x/Cr ¼ 1, 2, 3, 4, 5 plane) (a) without and (b) with end plate.
Fig. 10. Vorticity magnitude comparison at x/Cr ¼ 3 plane (a) without and (b) with end plate.
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Please cite this article in press as: Jung, C.-M., et al., Effects of the partially movable control fin with end plate of underwater vehicle, International Journal of
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnaoe.2016.07.005
Fig. 11. Pressure coefficient (Cp) contour of control fin with and without end plate at d ¼ 12 (a) without and (b) with end plate.
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the Y direction refers to the horizontal right direction when
looking from the rear of the tunnel. The Z direction refers to the
upper direction. The origin is at the driving center of the moving
element of the control fin.
The moving element of the control fin was fixed on the
upper surface inside the mid-sized cavitation tunnel, and the
angle of the movable control fin was changed to be centered at
the actuator shaft by the motor driving system. The test was
conducted while measuring the force and moment by the 3-
component balance connected to the actuator shaft. In the
case of the attached end plate, the test was conducted by
replacing the movable control fin while fixing the fixed control
fin. Fig. 13 shows the control fin installed in the mid-sized
cavitation tunnel for the test. Fig. 14 shows the movable
control fin installed with and without the end plate attachment.
To compare the flow analysis results with those of the
Korea Ocean Research and Development Institute, an addi-
tional flow analysis was conducted according to the attach-
ment of the end plate when the control fin angle was six and
nine degrees. The mesh size used in the analysis is the same as
the one used in the 12-degree analysis, and the flow analysis
condition was kept the same.
The Y-axis direction force resulting from the change in the
movable control fin angle, that is, the actuator shaft torque
according to changes in the control force and the movableFig. 12. Schematic diagram of KRISO's cavitation tunnel.
Please cite this article in press as: Jung, C.-M., et al., Effects of the partially mov
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijncontrol fin angle, is examined in Fig. 15. In the cases in which
the control fin angles were six, nine, and 12, the numerical
flow analysis results were consistent with the test results of the
Korea Ocean Research and Development Institute, regardless
of the existence of the end plate. Hence, it can be said that
higher-accuracy flow analysis was achieved. In the case in
which the movable control fin was 12, a larger control force
could be obtained, as the attachment of the control fin end
plate generated a larger lift than the case without the attach-
ment. Hence, attaching the end plate to the low aspect ratio
control fin can generate a larger control force. The actuator
shaft torque showed no change regardless of the attachment of
the end plate. Comparing torque-to-lift ratio according to the
change in the movable control fin angle, the ratio was higher in
the case of the end plate attachment than that without the
attachment when the movable control fin angle was three, six,
and nine degrees. This indicates a stronger lift in the case of
identical torque. In other words, when the end plate is
attached, an identical control force can be achieved with a
smaller actuator shaft torque compared to the case without the
end plate attachment. Although the lift increased following theFig. 13. Control fin in the cavitation tunnel.
able control fin with end plate of underwater vehicle, International Journal of
aoe.2016.07.005
Fig. 14. Movable control fin in the cavitation tunnel (bottom view) (a) without and (b) with end plate.
Fig. 15. Lift and torque of movable control fin with and without end plate for different angle (a) lift, (b) torque.
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because although the overall control force increased by the
attachment of the end plate, the moment shortened as the
pressure center moved to the front of the control fin. This is
shown in Fig. 5, which is a graph of the pressure distribution
(Cp) on the control fin's surface. Hence, the torque size did not
change considerably overall.
The fact that the same actuator shaft torque can achieve
greater control force can be useful when placing an actuator
inside a narrow body, such as torpedo. Since a smaller capacity
actuator can be applied with the same control force, it has the
advantages of efficiently securing the allocation space inside
the actuator and reducing energy consumption.
4. Conclusion
The flow around the end plate of a partially movable rudder
with a low aspect ratio that was designed considering thePlease cite this article in press as: Jung, C.-M., et al., Effects of the partially mov
Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijntorpedo tube of an underwater vehicle was analyzed. To
compare the solo attributes of the control fin, the control fin
was detached from the body. While a fixed control fin was
attached to the lower surface of the analysis area, only a
movable control fin was modeled in the upper part by dividing
the case with and without the end plate attachment. Flow
analysis according to the attachment of the end plate was
performed first when the angle of the movable control fin was
12. When there was an end plate attachment, the band of low-
pressure distribution that was observed in the control fin's
upper surface weakened compared to the case without the
attachment. The pressure distribution of the movable control
fin surface increased in the upper surface driving face overall
when the end plate was attached. In the suction surface,
pressure decreased in the leading edge and increased in the
trailing edge. The examination of the flow line distribution
according to the end plate attachment confirmed that the span
direction flow decreased in the upper surface due to the endable control fin with end plate of underwater vehicle, International Journal of
aoe.2016.07.005
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+ MODELplate's existence. Moreover, a reduction in the vorticity of the
upper surface due to the end plate could also be confirmed by
the vorticity field distribution.
The lift and torque applied to the movable control fin were
analyzed when the angle of the control fin was six, nine, and
12, and the results were compared to those of KRISO. When
the end plate was attached to the movable control fin, the lift
increased and the actuator shaft torque did not significantly
change. As this means less consumption of the actuator shaft
torque compared to the control fin that has the same control
force, the inner actuator capacity can be reduced and energy
consumption can be saved. Considering this, it is expected to
be effectively applied to the control fin design of underwater
vehicles such as torpedoes.
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